The greenhouse gas fluxes and effective mitigation strategies in subtropical vegetable cropping 29 systems remain unclear. In this field experiment, nitrous oxide (N2O) and methane (CH4) fluxes from 30 an irrigated lettuce cropping system in subtropical Queensland, Australia were measured using 31 manual sampling chambers. Four treatments were included: Control (no fertiliser), U100 (100 kg N 32 ha -1 as urea), U200 (200 kg N ha -1 as urea) and N100 (100 kg N ha -1 as nitrate-based fertilisers). The 33 N fertilisers were applied in three splits and irrigation was delivered sparingly and frequently to keep 34 soil moisture around the field capacity. The cumulative N2O emissions from the control, U100, U200 35 and N100 treatments over the 68-day cropping season were 30, 151, 206 and 68 g N2O-N ha -1 , 36
Abstract 28
The greenhouse gas fluxes and effective mitigation strategies in subtropical vegetable cropping 29 systems remain unclear. In this field experiment, nitrous oxide (N2O) and methane (CH4) fluxes from 30 an irrigated lettuce cropping system in subtropical Queensland, Australia were measured using 31 manual sampling chambers. Four treatments were included: Control (no fertiliser), U100 (100 kg N 32 ha -1 as urea), U200 (200 kg N ha -1 as urea) and N100 (100 kg N ha -1 as nitrate-based fertilisers). The 33 N fertilisers were applied in three splits and irrigation was delivered sparingly and frequently to keep 34 soil moisture around the field capacity. The cumulative N2O emissions from the control, U100, U200 35 and N100 treatments over the 68-day cropping season were 30, 151, 206 and 68 g N2O-N ha -1 , 36
respectively. Methane emission and uptake were negligible. Using N2O emission from the Control 37 treatment as the background emission, direct emission factors for U100, U200 and N100 treatments 38 were 0.12%, 0.09% and 0.04% of applied fertiliser N, respectively. Soil ammonium (NH4 + ) 39 concentration, instead of nitrate (NO3 -) concentration, displayed a significant correlation with N2O 40 emissions at the site where the soil moisture was controlled within 50-64% water-filled pore space 41 (WFPS). Furthermore, soil temperature rather than water content was the main regulating factor of 42 N2O fluxes in the fertilised treatments. The fertiliser type and application rates had no significant 43 effect on yield parameters. Partial N balance analysis indicated that approximately 80% and 52% of 44 fertiliser N was recovered in plants and soil in the treatments receiving 100 kg N ha -1 and 200 kg N 45 ha -1 , respectively. Therefore, in combination with frequent and low intensity irrigation and split 46 application of fertiliser N, substitution of NO3 -Introduction 53
Agricultural manipulation of the soil nitrogen (N) cycle during past decades has caused a significant 54 increase in N2O emissions (Yan et al. 2003; Dong et al. 2007) . Agricultural soils are the primary 55 source of anthropogenic N2O emissions, and global N2O emissions from this source are 56 approximately 3.9 Tg N yr −1 (FAOSTAT, 2014) . Nitrous oxide production in soil is mainly through 57 the microbial processes of nitrification (oxidation of NH4 + to NO3 -) and denitrification (anaerobic 58 reduction of NO3 -to gaseous NO, N2O or N2). The most important factors controlling these processes 59 are soil available carbon (C) and N, temperature, moisture and pH (Dalal et al. 2003) . 60
Due to continuous decline in soil fertility in agricultural production systems (Dalal and Mayer 1986) 61 and in order to increase productivity to meet the needs of a rapidly increasing human population 62 (Vallejo et al. 2005) , N fertiliser applications have become essential for sustaining crop production 63 systems. However, the tendency to apply N fertilisers in excess of crop requirements often results in 64 high mineral N concentrations in the surface soil (Wagner-Riddle et al. 2007; He et al. 2007 He et al. , 2009 , 65 which intensifies N2O emissions from cultivated soils (Mosier and Kroeze 2000) . 66
Vegetable cropping systems are associated with high N fertiliser application rates and intensive 67 cultivation. However, the N recovery from intensively cultivated vegetable fields is only 20 to 50% 68 of the applied N fertiliser (Huang et al. 2006) , suggesting that large amounts of N surplus to crop 69 requirements can be lost by nitrate leaching, runoff and/or emissions of gases including N2O. 70 anoxic conditions and biological oxidization in aerobic environments (Mosier et al. 1998) . It has 78 been reported that well-irrigated vegetable fields could emit CH4 during wet periods and consume 79 CH4 during dry periods of the growing season (Jia et al. 2012) . Striegl (1993) demonstrated that 80 diffusion of atmospheric CH4 into well-drained agricultural soils is the main factor limiting its 81 biological oxidation rate. 82
Field measurements of N2O and CH4 emissions conducted in vegetable production systems are 83 limited. Although subtropical farms of Queensland contribute more than 30% of the Australian gross 84 vegetable value, there is a lack of knowledge about greenhouse gas production and mitigation 85 options in these intensive cropping systems. The main objectives of this study were therefore to: (1) 86 compare different fertiliser management practices (nitrate vs. urea application at different rates) in 87 relation to greenhouse gas emissions, crop yield and fertiliser N use efficiency; and (2) identify the 88 factors regulating N2O emissions during the cropping season. The underlying hypothesis was that 89 avoiding excessive N application and changing the fertiliser type from urea to nitrate-based products 90 in combination with controlled irrigation would reduce N2O emissions during the dry cropping 91
season. 92 93

Materials and methods 94
Study site and experimental design 95
The experimental site was located at Gatton Horticultural Research Station (27° 32' 39" S, 152° 19' 96 38" E) in the Lockyer Valley, one of the key horticultural regions in north-east Australia. The soil at 97 this site is a black Vertosol (Isbell, 2002) and the clay mineralogy of the soil is dominated by 98 smectite (~60%; Dalal and Mayer, 1986) . The experimental area has a mean annual air temperature 99 of 20°C and a mean annual precipitation of 772 mm. Soil properties in the 0-90 cm profile 100 summarised in Table 1.  101 102 106 107
The field experiment was conducted in an intensively managed vegetable cropping system typical of 108 the subtropical climatic zone and consisted of four treatments: (1) no fertiliser application (Control) ; 109 (2) urea applied at 100 kg N ha -1 (U100); (3) urea applied at 200 kg N ha -1 (U200); and (4) 110 predominantly NO3 --based fertilisers applied at 100 kg N ha -1 (N100, Table 2 ). The U200 treatment 111 represents approximately the highest N application rate in the region. The fertilised treatments 112 received three splits of N applications during the growing season to better match N supply with plant 113 demand during the growing season ( Table 2 ). The fertilisers were applied by broadcasting on the 114 surface immediately before irrigation. The experiment was arranged using a randomized block 115 design with four replicates (7.0m × 1.5m plots). Iceberg lettuce (Lactuca sativa, var. capitata The irrigation regime aimed to keep the soil moisture content close to field capacity using a sprinkler 126 irrigation system, as this was considered to be optimal for growth and less inductive to N losses. 127
Therefore, several light irrigations were applied throughout the lettuce growing season according to 128 soil moisture content, except for the 4th June when heavy rainfall was received just after the 129 irrigation (Fig. 1a) . 130
131
Soil sampling and analysis 132
Prior to fertiliser application, soil samples were collected to a depth of 90 cm in four increments of 0-133 10 cm, 10-30 cm, 30-60 cm and 60-90 cm to determine the physicochemical properties of the 134 experimental site (Table 1 ). This sampling was also repeated after crop harvest to provide 135 information about N leaching and the N budget for different treatments. During the growing season, 136 soil samples were taken once per fortnight at two depths (0-10 cm and 10-30 cm) from all plots (4 137 treatment × 4 replications). The sampling location was marked to avoid resampling the same spots. Before planting, and one week prior to the harvest, three replicate undisturbed soil cores were 145 collected using stainless steel cylinders (10 cm in diameter and 10 cm in length) to measure surface 146 soil bulk density. The cores were dried for 48 h at 105°C and weighed. Bulk density was calculated 147 from the oven dry soil weight divided by the core volume. Field capacity (FC%) was determined 148 using the method described by Cassel and Nielsen (1986) . 149
150
Measurement of N2O and CH4 fluxes 151
In order to investigate the effect of the crop on gas fluxes, two different types of manual gas 152 sampling chamber were used: a) cylindrical polyethylene chambers (23.5 cm diameter and 12 cm 153 height) installed between plants and b) cubic chambers (50×50×50 cm) with stainless steel frames, 154 opaque PVC panels and a circulating fan (Wang et al. 2011) installed over a growing lettuce plant. 155
Each treatment was instrumented with eight cylindrical and four cubic chambers. The chambers were 156 relocated every 3 weeks to minimise spatial variability in fluxes and to minimise the impact of crop 157 roots exclusion in the cylindrical chambers during the growing season. 158
Gas fluxes were measured 3 times per week between 9:00 and 11:00am local time to minimize the 159 effect of diurnal variation on flux patterns. This schedule is reported to be the optimum timing for 160 intermittent manual flux measurements in the field with lowest deviation in the seasonal cumulative 161 emissions (Liu et al. 2010; Wang et al. 2011; Deng et al. 2012) . Gas samples were collected from the 162 chamber headspace approximately one hour after chamber closure using a 25 mL gas-tight syringe 163
and immediately transferred to pre-evacuated 12 mL glass vials (Exetainer, Labco Ltd, HighGas samples were analysed for N2O and CH4 concentrations within 5 days of sampling using a gas 166 chromatograph (Varian CP-3800, Varian Inc., Middleburgh, the Netherlands) as described by Wang 167 et al. (2011) . Standards were injected after every ten samples to monitor instrument precision. Gas 168 fluxes were calculated from the increases in the N2O and CH4 concentrations during the sampling 169 time. Linearity tests on gas concentration increases were performed on a subset of sampling 170 occasions during the growing season for all treatments by taking samples after chamber closure 171 every 30 min for 1.5 hours. In general, N2O and CH4 fluxes showed a linear trend over the 172 measurement period. The emissions for the days without gas sampling were estimated using the 173 arithmetic mean of the two closest measurements. The cumulative seasonal emissions were 174 calculated by summing up the daily flux measurements. 175
176
Measurements of environmental factors 177
Climate parameters including daily rainfall and hourly air temperature during the entire monitoring 178 period were obtained from an on-site automatic weather station. Immediately after planting, soil 179 moisture and temperature were logged hourly using moisture probes (Theta Probe, Delta-T Devices 180
Ltd., Cambridge, UK) installed at 7-13 cm depth and temperature probes (Measurement Engineering 181 Australia Ltd., SA, Australia) installed at 5-7 cm depth inside and outside a cylindrical and a cubic 182 chamber. Moisture probe readings were calibrated against simultaneous measurements of soil water 183 contents using the oven drying method. The calibrated volumetric moisture content was then 184 converted to water-filled pore space (WFPS) using the following equations: 185 WFPS (%) = Volumetric soil water content (%) / (1 -Soil bulk density (g cm -3 ) / 2.65) × 100% (1) 186 Volumetric soil water content = Gravimetric soil water content (%) × Soil bulk density (g cm -3 ) (2) 187 where 2.65 g cm -3 was assumed to be soil particle density. 188
Nitrogen balance 190
To aid understanding of the N use efficiency of applied fertilisers, the N balance for each treatment 191 was calculated using equation (3) 
Statistical analysis 203
Statistical analysis was performed using the SPSS 19 software package. Differences at P ≤ 0.05 were 204 considered statistically significant and variables were tested for normality of distribution. Soil 205 ammonium concentration data had a square root transformation to meet the normal distribution 206 requirement for statistical analysis. Stepwise multiple linear regression analysis was used to identify 207 relationships between soil/environmental factors and N2O emission fluxes. 208
Results
209
Seasonal pattern of environmental conditions and mineral N dynamics 210
Total rainfall and irrigation were 127mm and 137mm respectively during the 68-day cropping 211
season. The WFPS of the soil at field capacity was 57% (Fig. 1a) . The mean daily WFPS ranged 212 from 50% to 64%, with a seasonal mean of 57% (equal to field capacity) in the 7-13cm depth. The 213 mean daily soil temperature at 5-7cm depth ranged from 11.3°C to 18.1°C and air temperature from 214 11.1°C to 19.6°C during the growing season, with an average of 14.6°C for soil and 14.9°C for air 215 temperature. The results showed a similar temporal pattern for air and soil temperatures during the 216 investigation period (Fig. 1b) . The daily and cumulative N2O emissions during the lettuce growing period are summarised in Figure  240 3. Several emission peaks occurred following irrigation or rainfall events in the fertilised treatments.then gradually decreased to the pre-fertilisation level. The magnitude of these fluxes was higher in 243 the U100 treatment than in the N100 treatment although the concentrations of NO3 --N were higher in 244 the latter. The results showed no significant differences between the chambers placed between 245 lettuce plants and the chambers that contained a lettuce plant inside for the whole period of 246 experiment. Thus, the lettuce plants did not have any significant effect on N2O emissions. 247
The Control, U100, U200 and N100 treatments had cumulative N2O emissions of 30, 151, 206 and 248 68 g N2O-N ha -1 , respectively, during the experimental season. The cumulative N2O emissions were 249 significantly higher for the fertilised treatments compared to the Control. During the growing season, 250 the N100 treatment reduced total N2O emission compared to the U100 treatment by 55% (P < 0.01). 251
The U100 treatment also reduced the total N2O emission by 27% in comparison to the U200 252 treatment (P < 0.05). 253 The CH4 fluxes were minor during the early growing stages and higher emissions were recorded 260 during the late stages of the growing season (Fig. 4) . The Control, U100, U200 and N100 treatments 261 respectively emitted 20.5, 6.2, 6.8 and 16.8 g CH4 ha -1 during the experiment's season, which were 262 not significantly different at P = 0.05. Similar to N2O emissions, the results from different chamber 263 types did not show any significant difference in CH4 fluxes during the experimental period. 
286 n = 48, r = 0.48, P < 0.01 287
Direct N2O emission factors 288
Using the N2O emission from the control treatment as the background emission, the proportions of 289 the N2O emissions attributable to N fertiliser application were calculated to be 80%, 86% and 57% 290 for U100, U200 and N100 treatments, respectively. The direct emission factors [(N2O-N from 291 fertilised treatment -N2O-N from control)/fertiliser-N*100%] for U100, U200 and N100 treatments 292 were 0.12%, 0.09% and 0.04% respectively. These emission factors over 68 days are substantially 293 lower than the IPCC default emission factor of 1.0%. The results indicate that the nitrate fertiliser 294 form had the lowest direct emission factor and the higher urea application rate decreased the direct 295 emission factor. 296
Lettuce yield 297
Total fresh yield of lettuce increased by more than two-fold with N fertiliser application (P<0.05; 298 Table 3 ). There was no difference in yield between the nitrate-based fertiliser and urea. Reducing 299 urea application from 200 kg N ha -1 to 100 kg N ha -1 did not have any significant negative impact on 300 lettuce yield. 301 
Nitrogen balance 311
Mineral N concentrations in the soil profiles at the start and the end of the experiment are shown in 312 Table 4 . The post-harvest mineral N concentrations in the soil profiles showed no significant increase 313 in the 100 kg N ha -1 treatments (U100 and N100) compared with the Control, but slight increases in 314
NO3
-concentrations in the U200 treatment (P< 0.05) were observed. In this latter treatment there was 315 a movement of NO3 --N to the 60-90 cm layer, indicating N leaching out of the lettuce rooting depth 316 in the presence of excessive available mineral N. The similar mineral N concentrations in the U100 317 and N100 treatments down to 90 cm confirmed that fertiliser type did not appear to have any 318 significant effect on mineral N leaching in this controlled irrigation system. 319
Assuming N uptake in the above-ground biomass accounted for 88% of the total crop N uptake 320 (Jackson et al. 1994; Gallardo et al. 1996) , the amount of N in the below-ground biomass was 321 estimated to be 5.3, 14.0, 15.5 and 14.1 kg N ha -1 for the Control, U100, U200 and N100 treatments, 322
respectively. The value of calculated N balance for the Control treatment (Table 5) by N fertiliser application and was higher for the U200 treatment than the U100 treatment but was 326 not significantly different between different fertiliser types applied at 100 kg N ha -1 . The N balances 327 for the fertilised treatments were all negative and the highest negative N balance in the U200 328 treatment showed a substantially greater N loss compared to other fertilised treatments. 
Factors regulating N2O emissions 360
It is essential to identify and understand the factors regulating agricultural soil N2O emissions so that 361 improved mitigation techniques can be developed. Vegetable production systems are especially 362 important for agricultural N2O mitigation as they are usually under multiple planting-harvest cycles 363 during the year and receive high N application rates. Any factor that affects the soil N cycle is likely 364 to alter N2O emission (Xiong et al. 2006) . 365
The present study showed that almost two thirds of the recorded N2O emission peaks occurred after 366 an increase in daily soil temperature (Fig. 1b and 3a) . The only exceptions were two peaks 367 
Nitrous oxide emission factors and fertiliser nitrogen use efficiency under different management 396
practices 397 U200) derived from this study were substantially lower than the default 1.0% emission factor used 400 by the IPCC (IPCC 2006) . The reason could be related to the low temperature during the late 401 autumn/winter seasons and the N/irrigation management practices as discussed below. As both 402 cumulative N2O emission and fertiliser N would increase in a multi-season vegetable crop system, 403
we considered that the length of measurement period should not be a major factor leading to the low 404 emission factors. 405
The U100 treatment resulted in lower total N2O emissions than the U200 treatment, but slightly 406 increased the direct emission factor of the fertiliser N. Meta-analyses by Kim et al. (2013) The N balances for the fertilised treatments in this experiment were all negative; thus N losses 413 occurred. When the 18.7 kg N ha -1 recovered from soil N mineralisation in the Control treatment was 414 accounted for in the N supply, the U100, U200 and N100 treatments showed a net N loss of 20, 95 415 and 20 kg N ha -1 , respectively. The fertiliser N recovery for the U100, U200 and N100 treatments 416 was 80%, 52% and 80%, respectively. Although not quantified in this study, the unrecovered N 417 might have been lost through NH3 volatilisation, NO3 -leaching to deeper soil layers (> 90 cm) as 418 well as denitrification. The higher N loss in U200 (48% of applied N) along with no positive effect 419 of this treatment on lettuce yield (compared to U100) suggested that application of 200 kg urea-N ha -420
One of the findings in this study was the significant relationship between N2O emissions and soil 424 NH4 + concentrations as discussed above. These results indicate that, if excessive wet conditions can 425 be avoided by using moderate irrigation, one of the strategies for reducing N2O emissions from 426 intensively cropped vegetable fields in this region is to replace NH4 + -based fertilisers with NO3 --427 based N fertilisers during the low rainfall seasons. However, this strategy may not apply in wet 428 seasons when N2O emissions might be mainly produced through denitrification (Wang et al. 2011) . 429 When NO3 --based N fertilisers are used, it is important to use low-intensity irrigation techniques to 430 minimise risks of denitrification under wet conditions. 431 Nitrophoska Blue Special (12.0% N, 5.2% P and 14.1% K; trade name Incitec Pivot Ltd.) was used 432 for the first fertiliser application for the N100 treatment; it is considered to be a multi-nutrient 433 fertiliser suitable for pre-planting application (to avoid direct contact with establishing seedlings) in 434 intensive crop production systems such as vegetable fields. However, its application in the N100 435 treatment did not result in significant improvement in lettuce yield compared to U100. Thus, the 436 phosphorus and potassium contained in this fertiliser provided little benefit to crop growth because 437 of the high Colwell-P and exchangeable K contents in this soil (Table 1) . The presence of 6.5% 438
NH4
+ -N in this fertiliser might have contributed to the higher N2O emissions than those from the 439 control, which were observed following the application of Nitrophoska but not Ca(NO3)2 and KNO3. 440
The results suggested that substitution of purely NO3 --based fertilisers for Nitrophoska may further 441 reduce N2O emissions whilst maintaining the yield and thus warrant more studies. 442
When choosing the best fertiliser management practices for N2O emission mitigation in a specific 443 region, both N2O emissions and economic returns should be considered. In this study, the use of 444 
